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Abstract
Magnetic resonance imaging has the major advantage over other medical imaging
modalities in that it can provide superb soft tissue contrast. The contrast in a magnetic
resonance image is determined by intrinsic tissue parameters such as spin-lattice relaxation
time T\, spin-spin relaxation time T2, and spin density p. These tissue parameters can be
extracted from a series of images obtained with appropriately designed pulse sequences,
and be used in tissue characterization, classification, etc.. The accuracy of tissue parameter
determination, however, is affected by a number of factors, one of which is the
inhomogeneity of the radio-frequency (RF) electromagnetic field. In many cases the effect
ofRF field inhomogeneity is not just a modulation of the spatially varying field with the
artifact-free image. It affects the estimation of tissue parameter in a still less
straightforward way. In this study the effect of RF field imperfection in a spin-echo
sequence was investigated. The signal intensity expression was derived first as a function
of the perturbing pulse, the rephasing pulse, and other tissue and instrumental parameters.
A correction scheme for RF field imperfections in tissue parameter determination was then
devised. Two RF field mapping methods, the ratio method and the least-squares method
were compared by imaging phantoms in a birdcage head coil and a single turn breast coil.
It was found that the two methods had a small discrepancy of about two degrees for the
IV
head coil but agreed very well for the breast coil. The ratio method was used in the in vivo
RF field mapping. The correction of RF field inhomogeneity resulted in reductions of
spatial variation of about 16% and 40%, in terms of normalized standard deviation, for the
spin density and 7\ values of a chosen brain tissue. It resulted in a reduction of about 45%
for both spin density and T\ values of a chosen breast tissue. Also, as two multi-echo spin
echo images were used in calculating the T2 image in breast imaging, RF field correction
resulted in a reduction of 7_ spatial variation of about 50% for the same tissue. As the RF
field inhomogeneity was large in the breast coil, its correction also noticeably reduced the
overall tissue parameter variation of the same tissue type.
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1. Introduction
Magnetic resonance imaging (MRI) is a diagnostic medical imaging modality that
supplies tissue-specific information. MRI is based on the interaction between nuclear spins
and magnetic fields. In the imaging process the signal intensity detected is determined by
intrinsic tissue properties such as the spin-lattice relaxation time Tu spin-spin relaxation
time T2, and spin density p. By varying the instrumental parameters, e.g., echo delay time
TE and sequence repetition time TR in spin-echo sequence, images of different contrasts
can be acquired. These images can be used directly for diagnostic purposes, or they can be
further processed to provide the parameters T\, T2 and p for tissue characterization [1-4]
and classification [5-8]. The accuracy of parameter estimation, however, is affected by a
number of factors such as random noises, inhomogeneities in the static magnetic field,
imperfections of the RF pulses, etc.. Noise reduction in MRI and signal-to-noise ratio
optimization in MR parameter determination have always been topics receiving much
research interest [9-15]. The errors in T\ measurement due to nonideal RF pulse were
investigated in NMR spectroscopy for some pulse sequences by a few authors in the past
[16-19]. In recent years the effects ofRF field imperfection on tissue parameter estimation
in MR imaging have also been studied. Majumdar et al. [20] studied the errors in T2
estimation due to the imperfection of the refocusing RF pulse in the case ofmultiple-echo
sequence, through computer simulation, analytical solutions ofBloch equations [21], and
phantom experiments. Rosen et al. [22] derived the signal intensity expression for spin-
echo sequence with a Gaussian selective excitation pulse, and suggested the possible use
of the expression for RF field inhomogeneity correction in T\ measurement. Stollberger et
al. [23] implemented a correction scheme for RF field inhomogeneity in spin density
determination using spin-echo sequence. The spin density image was calculated using the
measured RF field distribution and two images with properly chosen imaging parameters.
In this study the effects of imperfect RF pulses on the spin-echo MR signals are analyzed
theoretically based on Bloch equations. The results are incorporated into the calculation of
T\, T2 and p images. Computer simulations are used to assess quantitatively how tissue
parameters estimation will be affected by RF field inhomogeneity. Several RF field
mapping methods are discussed. The results of RF pulse imperfection correction
performed onMR images ofphantoms and human volunteers are presented.
2. Background and Theory
2.1 Spin-Echo Sequence
An ensemble of spins placed in a static magnetic field B0 applied along the z axis (the
direction ofwhich is commonly called the longitudinal direction) will create a macroscopic
magnetic momentMwhich precesses around the z axis at the Larmor frequency
o>o=yBo, (!)
where ^is the gyromagnetic ratio for the specific nucleus. An RF magnetic field applied in
the direction perpendicular to B0 can rotate the magnetic moment out of alignment with
the z axis. The RF field is usually a linearly polarized field. It can be decomposed into two
circularly polarized fields of opposite polarization. The spin system is affected by the
Larmor sense rotating component
51[cos(ft>00''-sin(fi)00/|;
where B\ is the amplitude of the RF field, and / andy are unit vectors perpendicular to z.
When viewed in a reference frame rotating about the z axis at the Larmor frequency, the
rotation angle 9of the magnetization away from the z axis is given by
9=rB,T, (2)
where r is the duration of the RF pulse. This rotation can create a transverse component
of the magnetization which induces the MR signal in the receiver coil. After the
application of the perturbing pulse the spin system will return to its equilibrium
configuration. The longitudinal component ofMwill recover at a rate determined by T\.
And the transverse component will decay with time constant T2. In the presence of a static
magnetic field inhomogeneity, spins at different locations experience slightly different field
strengths so they will precess at different frequencies. This results in a faster transverse
decay, characterized by T2*, where
1
~+& (3)T2* T2 2
and Aftp is the field inhomogeneity. The spin-echo sequence was designed to get rid of the
effect of static field inhomogeneity. In spin-echo sequence, a
180
rephasing pulse is
applied sometime after the perturbing RF pulse to reestablish the phase coherence of the
transverse component. The mechanism of spin-echo formation is illustrated graphically in
Fig. 1. Figure 2 is the timing diagram of the spin-echo sequence.
Under ideal conditions, a combination of 90 and 180 RF pulse will create a MR
signal that can be expressed as
S = kp(l- 2e-{m,T>~TE/2T>) + e-mlT> )e~TE/T>
, (4)
where k is a constant proportional to the receiving coil sensitivity. For TE values much
smaller than TR, the time interval between two consecutive spin-echo sequences, Eq. (4)
may be simplified as
S = kpil-e-1RITl)e-1B'Tl (5)
It can be expected that the quality ofMR images is dependent on how accurately the
rotation angles are controlled. Although great efforts have been made to improve RF coil
uniformity and various methods have been devised to set the desired [24-27] RF flip
angles more precisely, there are inevitably variations in RF field strength from point to
point across the imaging region. The next section explores the effect of RF field
nonuniformity onMR signals when a spin-echo sequence is used.
yFigure 1(a). An RF field B\ rotates the magnetizationM out of
alignment with the z axis IfB\ is in the x direction and the
rotation angle 9] is 90 degree,M ends up in the_y direction.
Figure 1(b). Difference in precession frequency due to B0 field
inhomogeneity causes dephasing in the transverse magnetization
yFigure 1(c). At time t = TE/2 following the 90 pulse a rotation
of 92 = 180 is applied, turning the dephasing transverse
components into their mirror positions.
y
Figure 1(d). At time t= TE a. spin-echo is formed. During the
process the longitudinal component is recovering.
90
pulse
180
pulse
RF pulse
o
Signal
T2* decay
TEI2
H *\
T2 decay
/.
TE/2
TR
90
pulse
Figure 2. Timing diagram of spin-echo sequence
2.2 The Effect ofRF Field Imperfection
The behavior of a nuclear spin system can be described by the Bloch equations:
T2
= r[Mx(t)Bx(t)-M2(t)By(t)-^^] (6)
dt ' T,
dM(t) M(t)
1= r[M2(t)Bx(t)-Mx(t)BM) ^] (7)
dt L
dM2(t)_^ ,A_ ,^_ Jy ,A_ , Mz(t)-M0
dt
y[Mx(t)By(t)-MM)Bx(t)-~^, J ]. (8)
If the magnetic field is static, or 2? = Bo, the solutions to the above equations are:
A__(f) = e"(/rj [M0 cosKO - Afy(0) sin(_y)l (9)
My(t) = e-"T>[M0sm(6)0t) +My(0)cos(o)0t)] (10)
Mz(0 = M0(l-.-'/r') +M2(0)_-'/r', (11)
where Mx(0), My(0) andMz(0) are initial values ofMx, My andMz respectively. In the
rotating frame, the solutions can be written as:
A__(0 = e-'"*K
M(t) = e-"T>M(0)
M,(t) = M0(\-e-"T>)+Mz(0)e
--t/T,
(12)
(13)
(14)
When RF pulses are applied and when inhomogeneity in the B0 field is present, the
position of the magnetic vector can be predicted with the help of rotation matrices and
evolution matrices [28]. The rotation about the x andy axes can be expressed as
and
Rx(0)
1 0 0
0 cos# sin#
0 -sin# cos#
K(0) =
cos 9 0 sin 9
0 1 0
-sin# 0 cos#
(15)
(16)
respectively, where 9 is the rotation angle.
The evolution of the magnetization about the z axis at a frequency Aco away from the
rotating frame frequency can be determined by
10
E(Acot) =
cos(Atftf) sin(A<yr) 0
-sin(Aa#) cos(A#) 0
0 0 1
(17)
If the initial magnetization is along the z axis, or
M(0) =
0
0
A/,(0)
then following a nutation of 0, degrees about the x axis the magnetization vector is given
by
or
M = RX(9])M(0),
M =
0
Mz(0)sin6>
M,(O)cos0,
(18)
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In the spin-echo sequence, a rephasing pulse is applied a period of TE/2 after the
nutation. To evaluate the behavior of the magnetization before and after the application of
the refocusing pulse, it is convenient to examine a single spin first.
In general the description of magnetic resonance phenomena needs quantum
mechanics. However, for hydrogen nuclei with quantum number I = 1/2, simpler classical
theory gives the same results. The later approach is adopted in this study.
Suppose the transverse component of the magnetization given by Eq. (18) can be
broken into N nuclear magnetic momentum vectors, or spin vectors. Each spin vector /*.
is originally along the^ axis and has a magnitude ofMz(0)sin 9] I N . It precesses with a
frequency of Acoj in the rotating frame because of static field inhomogeneity. After TE/2
the spin vector becomes
Mi(7E/2) = E(Aa>i7E/2)fil(0),
or
H(TE/2) =
Mz(O)sin0,
N
sm(Aa)iTE/2)
cos(Aft>,T / 2)
0
(19)
The spin-spin relaxation effect will be included later.
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Assuming at time t = TE/2 the spin vectors have taken all positions in the x-y plane due
to the variation in Acot, the transverse component of the magnetization at that time will be
zero, or
M_,(TE/2) = ][>,.(T/2) = 0. (20)
;=]
The longitudinal component of the magnetization Mz can be determined from Eq. (14)
andEq. (18):
MZ(TEI2)= M0 (1 - e-nTi )+Mz(0)cos 9xe
TEI2T, (21)
Suppose the rephasing pulse produces a rotation of 92 degrees about the x axis. The effect
of this rotation on vectors in the x-y plane is given by
Mi(TE/2+) = Rx(92)Mi(TE/2_),
or
,/,(77_72+) =
M?(0)sin 9X
N
1 0 0 sin(A<y,TE/2)
0 cos 92 sin 92 cos(Aoj.TE / 2)
0 -sin 92 cos92 0
13
Mz(O)sin0,
W
sin(A,T/2)
cos#2 cos(Aa)tTE 1 2)
-sin 92 / 2)
(22)
where the subscripts " - " and " + " denote the time instants before and after the
application of the #2 -degree pulse respectively.
For the vector originally along the z axis given by Eq. (21), after rotation it becomes
M(TE/2+) = Rx(92)Mz(TE/2_),
or
M(TE/2+) =
1 0 0
0 cos 92 sin 92
0 -sin 92 cos92
0
0
M0(l - e-TE/2Ti )+Mz (0)cos9,e-TE/2T,
= M0(l- e-'hUll) +Mz(O)cos0,e
-TE/2T,
sin 92
cos9n
(23)
Equations (22) and (23) together describe the magnetization at the moment right after the
92 pulse.
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To evaluate the magnetization at echo time t = TE, or TE/2 after the 92 pulse, again
the evolution matrix can be used. Under the assumption stated previously, the transverse
component given by Eq. (23) will become zero at echo time. In other words, the only
contribution to transverse magnetization at echo time will be from Eq. (22). Applying the
evolution matrix to Eq. (22) yields
//,(T) = E'Aa>t7E 1 2)//,(T / 2+ )
Mz(O)sin0,
N
cos(A<y,7E/2) sin(A,7E/2) 0
-sin(A<yiT/2) cos(A<u,7E / 2) 0
0 0 1
sm(Aa)iTE/2)
cos92 cos(Aa),TE / 2)
-sin 92 cos(A(y,TTi / 2)
Mz(O)sin0,
N
(1 + cos 92 )cos(AcOjTE 1 2)s\n{Ao)iTE 1 2)
-sin2(A<y,T / 2) + cos02 cos2(Aft),T / 2)
-sin 92 cos(Ad)tTE 1 2)
(24)
From Eq. (24) the transverse component of the macroscopic magnetization at echo
time can be computed. The x component in Eq. (24) can be written as
Mix
M-(O)sinfli(l + cos02)
2N
sm(2AcoiTE/2). (25)
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The x component of the macroscopic magnetization can be expressed as
n \x ic\\:~ a n
K - EM, ="-y;g>(2-*,7. / 2). (26)
i=l *1 i=l
Because of the variation in Ao)n the sum in Eq. (26) is zero, that is, Mx = 0. Similarly, the
y component of the macroscopic magnetization can be written as
=
Mz(0)sin 9X y [(1 + cos^)cos2(Aa).7E/2)-i]
or
w/,^ n A-.(O)sin_,,(l + cos0,)-^i ,, . __-,-. ,_.M = -A-,(O)sin0, +
'v ' ^ ^2]cos2(A6),T/2). (27)
Since A^ is very large, the sum in Eq. (27) can be written in integral form:
cos2 (a^TEI2) = jo cos2ada . (28)
The right side ofEq. (28) isNil. Substituting it into Eq. (27) yields
16
M =Mz(0)sin9l(cos92-\)^
If the spin-spin decay effect is included, then the transverse component at echo time is:
M =
Mz(0)sin fl(cos<92 -l)^_rg/r,
It should also be noted that the net contribution to the longitudinal magnetization from Eq.
(22) or Eq. (24) is zero as the z component of the spin vector cancels each other.
In an imaging experiment using the spin-echo sequence, data acquisition begins after a
steady state has been established, that is, when the magnetization immediately preceding
the application of the saturation pulse is the same for each repetition of the sequence.
Suppose Mz(n) is the longitudinal component of the magnetization before the th nutation
pulse and Mz(n+l) is the one before the next nutation pulse. If the time at which the zrth
nutation pulse is applied is set as a reference point, then Eq. (21) can be rewritten as:
Mz (TE 1 2_ ) = A/0(l - e~TEI2Ti )+Mz ()cosOf** . (31)
Applying the rotation matrix Rx(92) to MZ(TE/2J gives
17
Mz(TEI2+) = [M0(\-e-TEnT>) +Mz(n)cos9le-TE,2T>]cos92. (32)
Using Eq. (14) again the longitudinal magnetization before the next nutation pulse can be
obtained:
Mz(n + 1) = M0(l - e-{TR-TEI2yT> ) + MZ(TE 1 2+ )e<m-TEI^ . (33)
Substituting Eq. (32) into Eq. (33) yields
Mz (n + 1) = M0 [1 - e<TR-TEI2)ITi + (1 - e~TEI2T> ) cos e2e<TR-TE'2^ ]
+Mz ()cos 6 cos 92e'm,T' . (34)
Since Mz(n + 1) = Mz(n), Eq. (34) can be solved for Mz(n):
M M - e<TR-TEI2n + cos <9 <?"7R/ri fe-r,/2ri - 1 ->
M =^-^
*
nni/r (35)zV l-cos^cos^e-77^1 v '
In the case where TR TE and T\ TE, Eq. (35) can be simplified as
18
M0(1-<T^)
1 - cos 0, cos
92e~".w-, t: -U (3)
Replacing Mz(0) in Eq. (30) with Mz(n) and considering the fact that M0 is
proportional to spin density p, the expression for signal intensity in a spin echo sequence
becomes
S =W-e'^ )g-re/r sMO-cosfr) (37)
l-cos6/,cos02e '
2.3 Tj, T2 and p Calculation
Ti images can be calculated using a set of images recorded with constant TE and
different TR values. For a constant TE, Eq. (37) can be re-written as
k(\-e'm',Tl)
where k is now a proportionality constant dependent also on spin density, spin-spin
relaxation time and RF pulses. Nonlinear least squares procedure has been used to
19
estimate Ti from spin-echo signals [29]. The procedure can be modified to include the RF
field imperfection effect. Suppose the actual MR signal obtained at 77?, is St. To
determine T\ is to find the T\ solution that minimizes the following function:
<KTl,k) = fj[Si-S(IRi)f. (39)
1=1
In order for <j)(Tx,k) to be minimum, the partial derivatives of <f> with respect to T\ as
well as k should be zero, or
-^ =0and^ = 0. (40)
Applying Eq. (40) to Eq. (39) gives
TR,IT,\ 1 -TR.IT.
and
tt[Si
~
l-cosfl, cos92e-m^]l-cos9, cos^-"7*''71
" (41)
77?
t^e-m^ (cos 9 cos 92 - 1)
Y\S { }- 1^ = 0 (421' ' \-cos9lcos92e-m<IT>i
(1 - cos 0, cos 02<rra</7i )2
K }
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Solving Eq. (41) and Eq. (42) for k and equating the two expressions yields
-TR.IT. \ p TD -TR,IT,
^ Stil-e-'"'11') ^
StTRte-
f 1 - cos^ cos02e~7*'/71 f (1 - cos^ cos92e~1K'Ul )
(1_e-^/;1)2 T^O-e-^'71)^^ (43)
t?(l-cos6>, cos6>2e-ra'/ri)2 t?(l-cos0, cos92e->'T'y
Equation (43) contains one unknown, T\. It can be rearranged as
-TR./T, ,, -TR./T,
^ S^-e-'17*) 7K,e ',J,(l-e '"')
/=i ~{ 1 - cos0, cos02e"ra'/r' (1 - cosfl,
cos92e~71ijlTl )3
^
(l-e-ra'/r')2 S.TRje-^'1'1)
hhv-s9]Cos92e->IT>)2 (l-cos^os^"77^')2 ' (44)
The root T\ can be found using a combination of searching and iterative procedures. Let
the difference of the two sides of Eq. (44) be denoted as Z(T\). The searching procedure
begins by finding a segment in the T\ axis that contains a zero crossing of Z(T{). When
such a segment [T\a,T\b ] is found, a straight line is drawn connecting Z(Tia) and Z(Ti6). If
this line cross the T\ axis at T\c, then Z{T\C) is compared to a chosen criterion e. IfZ(Tic) is
less than s, then the T\c is taken as the root T\, otherwise that Tic becomes the new T\a
or T\b and the process is repeated.
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T2 can be estimated from a set ofn images recorded with different TE values and fixed
TR. Since for a particular pixel the Tu 9X and 92 values are also fixed, Eq. (37) can be
reduced to
S = ke-miT> (45)
for T2 calculation. It can be seen that T2 is not affected by RF field nonuniformity when a
single echo spin-echo sequence is used.
The MR signal recorded, Sj} at TEt, is composed of the contribution from the spins,
S(TEt) and random additive noise AT, which is independent of 5'(T',):
S^SiTEJ +N,. (46)
One method of calculating T2 is linear least-squares fitting. Taking the logarithm of both
sides ofEq. (45) yields
inS, = lnk- TEJT2. (47)
The slope of the line obtained by plotting lnS, versus TEi is -1/ T2. The procedure seeks
to minimize <j> by setting
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d(\IT2) <?(lnAr)
where
1
=0 and 7^77 = 0, (48)
^T2,*) = [ln^-lnS\Ti<1.)]2. (49)
r=l
The slope obtained from the linear-squares procedure is:
n n
^TE^nS.-n^TE.lnS,
1 i i ,_i ,_i
_
_
1=1 f=i y=i
t
(50)
C^TErf-n^TE2
i=i /=i
The problem with this method is that in minimizing <j> defined in Eq. (49), the deviation
of lniS", from ln5'(TJE.) at different 72s/s is treated with equal significance. Taking the
logarithm ofboth sides ofEq. (46) results
ln S, - In S(TEt ) = ln[l +N, I S(TEt )] . (51)
From Eq. (51) it can be seen that \nSt- In S(TEt) is dependent on the signal-to-noise
ratio (SNR) of the image. Since the SNR's are different for images obtained with different
TE/s, the linear least-squares procedure introduces error in fitting.
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Alternatively, T2 could be calculated with nonlinear regression. Instead of minimizing
Eq. (49), we minimize the function
<KT2,k) = (S,-ke-TE^f (52)
1=1
by using an iterative procedure similar to the one used for T\ calculation. The equation to
be solved for T2 in this case is
t^St^TEf2^ = YZSf^TEf-2'11IT,2
i=l j=\ i=\ ;=1
A detailed discussion of the two T2 calculation methods and the comparison of their
results can be found in [12].
The spin density p is proportional to the k in Eq. (38), which can be obtained in the
process of calculating T\. So p can be determined based on the following expression:
k oc yosin 0X (1 - cos 92 )e~TEIT' ,
or
oc
sin #,(l-cos#2)e -TE/T, (53)
24
The absolute p value can be obtained by placing a standard phantom in the field of view
as a reference.
2.4 BlMapping
B\ mapping can be accomplished by a number of methods. One way ofmeasuring B\
distribution is using small pick-up coils. The spatial variation of the B\ field is obtained by
detecting the current induced in the testing coil placed at different locations. This
technique is inconvenient to operate and is time consuming. Also, the finite dimension, the
perturbation it introduces to the field, etc., cause error in mapping. Furthermore, this
method could not be used to measure B\ when the RF coil is loaded. So in most cases
indirect methods, or imaging-based methods are preferred. B\ field is generated by the RF
transmitting coil, or transmitter. It is responsible for creating a transverse component of
the nuclear magnetic moments. The induced MR signal is collected by the receive coil. So
the intensity of anMR image depends on B\ as well as the receive coil sensitivity. In many
circumstances the transmission ofB\ field and the reception ofMR signal is accomplished
by the same RF coil, often known as the transceiver. In such a case, the coil sensitivity can
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be determined using the principle of reciprocity [30]. The principle states that if a unit
current produces a field Bx at certain point in space, then a rotating magnetic dipole m
placed at that point will induce an emf in the coil given by
#=(.) (54)
dt
In an MRI experiment, m can be considered as a nuclear magnetic moment processing in
the x-y plane. Thus for a sample volume Vs,
m = M0VseKo]'+ay"T\ (55)
where a is the initial phase ofm. Let B\ be denoted as
fl,=V, (56)
where /? indicates the direction ofB\ in the x-y plane, we have:
Bt m =M0VsB^+a+pytlT' . (57)
26
Differentiating Eq. (57) with respect to t yields
Z* a>0M0VA, (58)
that is, the sensitivity of the receive coil is proportional to B\.
Based on the correspondence between the image intensity and the magnitude ofB\,
Hornak et al. used spin-echo and small tip angle gradient images to map Bi field [31]. For
example, in the small tip angle experiment, the signal intensity is proportional to the sine of
the tip angle. So if the largest signal intensity Sm^. corresponds to _?imax, then the magnetic
field can be obtained using a look up table computed from the following equation:
^sinO^z)
Smax 5lmaxSin(^lrnaxr)
'
where t is the effective pulse width. One limitation to this method is that _?i-_x is usually
not known. So only relative field strength can be obtained.
Oh, et al. [32] introduced a_?i mapping method using a composite spin-echo sequence.
B\ field intensity was obtained based on the phase difference between the images created
using a
90
-(180) refocusing pulse and a
90
refocusing pulse. This
method is designed to measure the imperfection of the 180 pulse. However, the
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imperfection of the 90 pulse will cause error in the measurement. Murphy-Boesh, et al,
proposed a B\ measuring method using Fourier analysis of signal intensity modulations
produced by nutation angle variation [33]. A series of images with different excitation
pulse width was taken and the nutation rate, which is proportional to Bu was computed
using a least-squares algorithm. A major disadvantage of this method is that it requires a
large set of images, hence long imaging time. Insko, et al, [34] suggested that _?i can be
obtained by taking the ratio of two images corresponding to two different excitation
pulses. When TR is much larger than T\, the signal intensity for a spin-echo sequence can
be expressed as
S = kBl sin 6 sin 2 ( 92 1 2)e~TE'T' . (60)
Assuming 92 = 29x, Eq. (60) can be rewritten as
S = kBl
sin39xe'TE,T\ (61)
Using two excitations with #,'= 0.50,, the ratio of the signal intensities of the two images
is given by
28
| = 8cos3(^/2), (62)
where
5"
corresponds to 9X . Since 9X = ^6, z, Bi can be calculated using the following
formula:
Bx=cos-'K)1/3]. (63)1
yx
KSS'J
Bi calculation using Eq. (63) will be referred to as ratio method in the following text.
The B\ map can also be acquired using the least-squares method. From Eq. (2) it can
be seen that the flip angle depends on the duration as well as the amplitude of the nutation
pulse. To carry out a least-squares procedure, a set of images can be obtained with fixed
pulse duration and variable pulse amplitude. Let Eq. (61) be rewritten as
S^ksm\A9x), (64)
where A denotes adjustable amplifying coefficient of the transmitter. By minimizing the
error function
#_U) = ft-*sin3(43)]\ (65)
i=]
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a map of 9X can be obtained. This B\ calculation method will be referred to as least-
squares method later.
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3. Materials and Methods
3.1 Computer Simulation
Equation (37) reveals the relationship between flip angles and signal intensity. In order
to evaluate quantitatively the effect of RF pulse imperfection on the estimation ofMR
parameters, computer simulations were carried out. Since how B\ imperfection would
affect the calculation of T2 and p are readily seen, the computer simulation focuses on the
less obvious T\ determination.
A data matrix representing signal intensities was generated using Eq. (38) with
different 9, T\ and TR values. The 9X values chosen were from 75 to 105 and 92 is
always twice as large as 9X. Tx values were 200, 500, 1000, 2000, 3000, 4000, and 8000
msec and T7?'s 250, 500, 750, 1000, 1500, 2000, 3000 and 4000 msec. Each data set
generated with the same T\, 9X and 92 but different Ti?'s were then used to calculate the T\
back, with 9X and 92 being assumed 90 and 180 respectively. The T\ thus obtained is
compared with the true T\ value to evaluate the error.
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3.2 Phantom Experiments
Experiments were performed on a General Electric (Milwaukee, WI) Signa magnetic
resonance scanner operating at 1.5 Tesla. In the head coil experiment, the phantom used
was a 18 cm diameter sphere filled with 0.15 mM aqueous NiCl2. The RF coil used was a
standard GE head coil, a birdcage resonator with quadrature excitation and reception. The
purpose of the phantom experiment was to test some of the B\ mapping methods. Since
user-designed pulse sequence could not be implemented at the time of experiment,
standard spin-echo sequence was used. The field of view was 20 cm, yielding a spatial
resolution of 0.78x0.78 mm. The slice thickness chosen was 5 mm. In order to measure
B\, four images with same TR and TE but different transmit gains were taken. The T\
value of the phantom was apprpximately 1000 msec. So TR was chosen to be 6000 msec.
Before taking images the scanner was set to prescan mode, that is, the gradient fields was
turned off. The transmit gain TG was adjusted so that the maximum signal was achieved.
Let that transmit gain be denoted as TG0, the four images were obtained with TG equals
TG0, TG0-3 dB, TG0-6 dB and TG0+3 dB respectively. All the images were taken with
192 phase encoding steps and 256 sample points in each phase encoding steps. In the
breast coil experiment, the resonator used was a transmit/receive single turn solenoid [35].
The coil was filled with 0.15 mM aqueous MnCl2 to serve as a phantom as well. The field
of view was 10 cm and the slice thickness 10 mm. T\ value of the phantom was
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approximately 200 msec. Four images with TRITE = 1000/20 msec and
TG'
s 3 dB apart
were taken to generate the Bi map. The acquisition matrix used was 192 phase encoding
steps by 256 sample points.
3.3 In vivo Experiments
In vivo experiments performed include brain imaging and breast imaging. The scanner
and RF coils used were the same as the ones used in the phantom experiments.
In brain imaging single echo spin-echo sequence was used for both T\ and T2
measurement. The images obtained were of an axial tomographic slice through the brain at
the level of the lateral ventricles. Imaging parameters chosen were: TRITE = 4000, 3000,
2000, 1500, 1000, 750, 500, 250/15 and 1000/25, 50, 75, 100, 150, 200 msec. The
transmit gain TG was 110 (in 0.1 dB). In order to measure B\ using the ratio method, an
additional image was recorded with TRITE = 4000/15 msec and TG - 50. All the images
were taken with 192 phase encoding steps and 256 sample points in each phase encoding
step. The slice thickness was chosen as 5 mm and the field ofview 24 cm.
The parameters set in breast imaging were: TRITE = 2000, 1500, 1000, 750, 500,
250/20 msec in a series of single-echo spin-echo sequences and 1000/30, 60, 90, 120 msec
in multi-echo spin echo sequences. Also an image with TRITE = 2000/20 msec and an TG
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of 6 dB lower was taken. Other imaging parameters were: 256 phase encoding steps with
256 sample points in each step, 3 mm slice thickness and 10 cm field ofview.
In both brain imaging and breast imaging a phantom consisting of two
polyvinylchloride-rubber copolymer tubes was placed in the field of view. One tube was
filled with 12 mM and the other 35 mM aqueous NiCl2. The signal intensity of the 12 mM
phantom served as a standard to normalize p values in the image.
3.4 Bx Measurement
Two B\ mapping methods were used to compute the B\ distribution for the phantom
experiment. The transmitter gain TG is a measure ofpower rather than amplitude, or
TG = lOlog
A2
, (66)
where B\r is some reference. So from Eq. (2) and TG = TG0, TG0-3 dB, TG0-6 dB and
TG0+3 dB the corresponding flip angle relationship can be obtained. The four flip angles
are: 9X, 0.7086>, 0.5010, and 1.4130,. The images recorded with flip angles of 9X and
0.501 9X were used to calculate 9X using Eq. (62). When
SIS' is greater than 8, 9X is set to
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zero. All four images were used in the least-squares B\ calculation. The error function
described in Eq. (65) was minimized by solving the equations d$l ck = 0 and d<j>l 39x = 0 .
A Z(9X) function similar to the one used in T, calculation was formed and the zero-
crossing 9X was searched in the range between 45 and 135. The results of the two B\
mapping methods were compared. The performance of the mapping methods was
evaluated by analyzing the spin density images. The coefficient k in Eq. (61) is
proportional to spin density p. So the p image can be obtained at the same time while
calculating B\. The p image is supposed to be uniform if the B\ nonuniformity could be
corrected. Statistical analysis was performed on overall images as well as different regions
of the image to evaluate how p image uniformity was improved by including B\ in the
estimation.
In vivo B\ mapping was performed using the ratio method. The Bi images obtained
were further processed to give smoother maps.
3.5 Multiparameter Tissue Segmentation
One purpose of extracting tissue parameters such as Tu T2 and p fromMR signals is to
use these parameters as features for tissue classification. So in this study the effect ofRF
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field nonuniformity on the performance of tissue parameter-based image segmentation was
examined.
As can be seen in Eq. (5) or (37), MR signal intensity is a function of T\, T2 and p.
Different types of tissues have their own ranges of parameter values. Pixels that belong to
the same type of tissue usually posses similar properties. So tissue classification can be
accomplished with the aid of a multi-dimensional histogram. A multi-dimensional
histogram is a plot of the number of pixels at a set of feature values. Pixels of the same
tissue type are likely to form a cluster in the histogram. Clusters of different tissues may
show overlapping when viewed against one particular feature. But better discrimination
can be expected as the dimension of feature space increases. In this study, three
dimensions, namely T{ ,
T2l
and pwere used to form the histogram.
The distribution of tissue properties as reflected in the multi-dimensional histogram is
affected by a number of factors such as tissue heterogeneity, RF field nonuniformity,
partial volume effects, etc.. If RF pulse imperfection contributes significantly to the
spreading tissue parameter value, then B\ correction is expected to tighten the clusters.
The cluster characteristics of the histograms with and without B\ nonuniformity correction
were compared.
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4. Results and Discussions
4.1 Effect ofRF Pulse Imperfection on Tx Calculation
The effect of flip angle imperfection on Tx determination is shown in Table 1 . It As
indicated in Table 1, the percentage error in Ti calculation when perfect flip angle is
assumed increases as T\ increases. Also, for a given T\ value, the percentage error is
approximately proportional to the deviation of flip angle from 90. For a T\ of 1000 msec,
one degree in flip angle error corresponds to a little more than one percent error in T\,
when the flip angle varies in the range between 75 and 105. In generating signal, the k in
Eq. (38) was set to unity. In the process of calculating T\ , a new proportionality constant
is created for each signal set, which, because of the error in T\ determination, is no longer
unity. How this new proportionality deviates from unity reflects the effect of T\ error on
spin density calculation. Table 2 shows this effect through some sample data. It can be
seen that spin density estimation error caused by T\ inaccuracy is minor.
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Table 1 . T\ Calculated without RF Imperfection Correction
T\ in msec (and error in%)
0,() 200 500 1000 2000 3000 4000
75 222(11.0) 569(13.8) 1175(17.5) 2503(25.2) 3932(31.1) 5413(35.3)
76 221(10.5) 566(13.2) 1167(16.7) 2478(23.9) 3883(29.4) 5336(33.4)
77 220(10.0) 563(12.6) 1158(15.8) 2450(22.5) 3830(27.7) 5254(31.4)
78 219(9.5) 559(11.8) 1148(14.8) 2421(21.1) 3774(25.8) 5158(29.2)
79 218(9.0) 555(11.0) 1138(13.8) 2390(19.5) 3716(23.9) 5079(27.0)
80 216(8.0) 551(10.2) 1127(12.7) 2358(17.9) 3655(21.8) 4986(24.7)
81 215(7.5) 546(9.2) 1116(11.6) 2325(16.3) 3593(19.8) 4890(22.3)
82 213(6.5) 542(8.4) 1104(10.4) 2291(14.6) 3529(17.6) 4792(19.8)
83 212(6.0) 537(7.4) 1092(9.2) 2256(12.8) 3463(15.4) 4693(17.3)
84 210(5.0) 532(6.4) 1079(7.9) 2220(11.0) 3397(13.2) 4593(14.8)
85 208(4.0) 527(5.4) 1067(6.7) 2183(9.2) 3330(11.0) 4492(12.3)
86 207(3.5) 522(4.4) 1053(5.3) 2147(7.4) 3264(8.8) 4392(9.8)
87 205(2.5) 516(3.2) 1040(4.0) 2110(5.5) 3197(6.6) 4292(7.3)
88 203(1.5) 511(2.2) 1027(2.7) 2073(3.7) 3130(4.3) 4193(4.8)
89 201(0.5) 504(1.0) 1013(1.3) 2036(1.8) 3064(2.1) 4096(2.4)
90 199(0.5) 499(0.2) 999(0.1) 2000(0.0) 3000(0.0) 4000(0.0)
91 198(1.0) 494(1.2) 986(1.4) 1963(1.9) 2936(2.1) 3906(2.4)
92 196(2.0) 488(2.4) 972(2.8) 1928(3.6) 2873(4.2) 3814(4.7)
93 194(3.0) 482(3.6) 959(4.1) 1893(5.4) 2812(6.3) 3725(6.9)
94 192(4.0) 477(4.6) 945(5.5) 1858(7.1) 2753(8.2) 3638(9.1)
95 190(5.0) 471(5.8) 932(6.8) 1825(8.8) 2695(10.2) 3555(11.1)
96 188(6.0) 466(6.8) 919(8.1) 1793(10.4) 2640(12.0) 3475(13.1)
97 187(6.5) 460(8.0) 907(9.3) 1761(12.0) 2586(13.8) 3398(15.1)
98 185(7.5) 455(9.0) 894(10.6) 1731(13.5) 2535(15.5) 3324(16.9)
99 183(8.5) 450(10.0) 883(11.7) 1702(14.9) 2487(17.1) 3255(18.6)
100 182(9.0) 445(11.0) 871(12.9) 1675(16.3) 2440(18.7) 3189(20.3)
101 180(10.0) 440(12.0) 860(14.0) 1648(17.6) 2397(20.1) 3127(21.8)
102 178(11.0) 436(12.8) 850(15.0) 1624(18.8) 2356(21.5) 3069(23.3)
103 177(11.5) 431(13.8) 840(16.0) 1601(20.0) 2318(22.7) 3015(24.6)
104 176(12.0) 427(14.6) 831(16.9) 1580(21.0) 2283(23.9) 2966(25.9)
105 175(12.5) 423(15.4) 823(17.7) 1560(22.0) 2251(25.0) 2920(27.0)
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Table 2. The Effect of Tx Error on Spin Density Estimation
9X() Ti = 200 Ti= 500 TY= 1000 Tx = 2000 Ti = 3000 T, = 4000
75 1.002 1.006 1.018 1.079 1.104 1.133
80 1.001 1.004 1.013 1.039 1.063 1.084
85 1.000 1.002 1.007 1.020 1.045 1.041
90 1.000 1.000 1.000 1.000 1.000 1.000
95 0.999 0.998 0.994 0.984 0.973 0.966
100 0.999 0.996 0.989 0.970 0.953 0.940
105 0.998 0.994 0.985 0.961 0.939 0.937
4.2 Comparison ofB^ MappingMethods
The Bi maps of the head coil phantom obtained using ratio method and least-squares
method are shown in Fig. 3 and Fig. 4 respectively. Figure 5 is the difference between the
two B\ maps. The histograms of the two maps are plotted in Figs. 6 and 7. Figure 8 is the
histogram of the difference of the two maps.
It can be seen from Figs. 3 and 4 that the two B\ maps possess the same variation
pattern. However, the B\ value resulted from least-squares method is consistently higher
than the one obtained using the ratio method, by approximately two degrees.
The spin density p images of the head coil phantom obtained using the ratio method
and the least-squares method are shown in Figs. 9 and 10 respectively. Figure 11 is the
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image recorded with 77? = 6000 msec, TE = 20 msec and TG = 100. Since the phantom is
made up of homogeneous material, Fig. 1 1 can be considered as the spin density map
when perfect Bi field is assumed. Figures 12, 13 and 14 are histograms ofFigs. 9, 10 and
11 respectively.
The distribution of pixel values in the p image reflects the spatial variation as well as
the noise in the image. To assess the spatial variation of pixel intensity in the image, the
means were calculated for some small regions across the image. Seven regions of 4x4
pixels were chosen along a horizontal line and a vertical line as well. The mean values of
these regions and their variance were calculated and the results tabulated in Table 3. The
data in Table 3 indicate that the spin density maps calculated with B\ field correction is
more uniform than the one obtained without B\ field correction.
Table 3. Spin Density Values of the Head Coil Phantom at Different Regions
Position i 2 3 4 5 6 7 u oVu.
Z?inot
corrected
x
y
1824
1788
1870
1828
1883
1862
1881
1881
1870
1883
1835
1857
1766
1805
1847
1843
0.0211
0.0203
Ratio
method
x
y
2277
2432
2291
2344
2313
2322
2316
2316
2371
2308
2342
2357
2399
2329
2330
2343
0.0187
0.0173
Least
squares
X
y
2210
2270
2187
2201
2184
2194
2190
2190
2201
2183
2232
2188
2278
2196
2212
2203
0.0151
0.0136
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Figures 15, 16 and 17 are profiles along one line of the three spin density images in the
x direction. The dotted lines are parabolic curves used to fit the experimental data. The
curves that fit the data from the spin density images withB\ corrected using ratio method,
Bi corrected using least-squares method, and no B\ correction are
S = 175. 18*2 - 22.85* + 2284.63,
and
S = 415. 17x2 - 320.24* + 2237.21,
S = - 403.68* + 1804.98
respectively. The curvatures of these parabolas again shows that Bx correction results in
improvemet. But over correction is also apparent.
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Figure 3. B\ map of the head coil phantom
obtained using ratio method
Figure 4. B\ map of the head coil phantom
obtained using ratio least-squares
method
Figure 5. The difference between the
head coil phantomB\ maps obtained
using ratio method and least-squares
method
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Figure 6. Histogram of the
head coil phantom B\ map
obtained using ratio method
Figure 7. Histogram of the
head coil phantomB\ map
obtained using least-squares
method
Figure 8. Histogram of the
difference between the two
head coil phantomB\ maps
43
Figure 9. Spin density image of the head
coil phantom, B\ corrected using ratio
method
Figure 10. Spin density image of the head
coil phantom, B\ corrected using least-
squares method
Figure 11. Spin density image of the
head coil phantom, no B\ correction
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Figure 12. Histogram of the
head coil phantom spin
density image with B\
corrected using ratio
method
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Figure 13. Histogram of the
head coil phantom spin
density image withB\
corrected using least-
squares method
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Figure 14. Histogram of the
head coil phantom spin
density image with no B\
correction
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Figure 15. Signal intensity
profile of the head coil
phantom spin density image
with B\ corrected using ratio
method
Figure 16. Signal intensity
profile of the head coil
phantom spin density image
with 7?i corrected using least-
squares method
Figure 17. Signal intensity
profile of the head coil
phantom spin density image
with no B\ correction
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The two B\ mapping methods were examined by looking at how the calculated results
fit the experimental data. Figure 18 compares the data recorded with those calculated
using least-squares method at several locations in the images.
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Figure 18. Least-squares fitting of signal intensities for different TG values
It can be seen that signal intensity values calculated from the least-squares method are
consistently greater than the measured ones in images with TG = 40, 70 and 130, and
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smaller than the measured ones in images with TG = 100. Normally if only random noise
was involved in the measurement then some random variation of experimental data would
be seen around the fitting curve. The deviation pattern shown in Fig. 18 suggests some
systematic error in the mapping method. Figure 19 plots the recorded data and the data
predicted using ratio method.
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Figure 19. Signal intensities predicted by ratio method for different TG values
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It can be seen from Fig. 19 that while the ratio method predicts the signal intensity of
the image with TG = 70 quite well, it predicts a much larger signal than the one actually
recorded in the image with TG = 130. The reason for that is not yet fully understood. One
possible cause is the power dissipation due to the sample being imaged.
It is known that there are three types of losses in the RF coil [36]. These losses are: 1).
resistance of the coil, 2). dielectric loss within the sample and 3). inductive loss in the
sample. The coil resistance is primarily from thermal noise. The dielectric loss is due to
stray electric fields in the sample. And the inductive loss arises from the magnetically
induced eddy current in the sample. In high field clinical imaging, inductive losses are the
major source of noise. Hoult and Lauterbur calculated the power dissipation due to sample
conductivity in a sphere as [36]
7rco2B2b5
where b is the radius of the sphere and p is the resistivity of the sphere. Equation (71)
shows that the larger the B\, the bigger the inductive loss. This may partially explain the
discrepancy between the predicted results and the recorded data.
Figure 20 is the B\ map of the breast coil phantom obtained using ratio method. Figure
21 is the one obtained using least-squares method. In Figs. 20 and 21 as well as other
49
breast coil phantom images the left and right edges of the image correspond to the wall of
the cylindrical coil. Figures 22 and 23 plot the profile of the breast coil phantom _?i map
along a horizontal line for ratio method and least-squares method respectively. It can be
seen that the two methods yield almost the same results, except that the map obtained
using ratio method is a little nosier.
Figure 20. B i map of the breast coil
phantom obtained using ratio
method
Figure 21. 2? i map of the breast coil
phantom obtained using least-squares
method
Figure 24 is the spin density image of the breast coil phantom with B\ corrected using
ratio method. Figure 25 is the one using least-squares method. And Fig. 26 is the spin
density image without B\ correction. Figures 27 through 29 are histograms of Figs. 24
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through 26 respectively. Figures 30 through 32 plot the intensity profile of the breast coil
phantom spin density image obtained with different Bi correction methods. All the plots
show that B\ correction in breast coil is very effective in improving the accuracy of spin
density calculation.
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Figure 22. Intensity profile of
the breast coil phantomB\
map obtained using ratio
method
Figure 23. Intensity profile of
the breast coil phantomB\
map obtained using least-
squares method
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Figure 24. Spin density image of the breast
coil phantom, B\ corrected using ratio
method
Figure 25. Spin density image of the breast
coil phantom, B\ corrected using least-
squares method
Figure 26. Spin density image of the
breast coil phantom, no B\ correction
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Figure 27. Histogram of the
breast coil phantom spin
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corrected using ratio method
Figure 28. Histogram of the
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Figure 29. Histogram of the
breast coil phantom spin
density image obtained
without Bi correction
Intensity
53
1400
1000
f 800 \
c
S 600
400
200 \
0
i
1400
1200
1000
800
600
400
200
0
*i^i\faJ^jtylK*H*J*^^
0 25 50 75 100 125 150 175 200 225 250
k**y^^ >-^y>n-j^--^w***~-_W> 'V *******
0 25 50 75 100 125 150 175 200 225 250
x
0 25 50 75 100 125 150 175 200 225 250
x
Figure 30. Signal intensity
profile of the breast coil
phantom spin density image
with B\ corrected using ratio
method
Figure 3 1 . Signal intensity
profile of the breast coil
phantom spin density image
withB\ corrected using least-
squares method
Figure 32. Signal intensity
profile of the breast coil
phantom spin density image
with no B\ correction
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4.3.
_5j
Maps in Brain and Breast imaging
For the two brain images used to calculate B\, the background noise was removed
before calculation. Since the signal intensity was very high along the peripheral of the
image, background was removed by scanning each line of the image from the edges
towards the center. Each pixel was set to zero until a point was reached in which the
intensity was above certain threshold and furthermore the signal intensity of proceeding
pixels continue to rise to a higher threshold. The B\ map obtained by taking the ratio of
two brain images is shown in Fig. 33. The B\ image obtained using the ratio method was
noisy. So it was further processed to give a smoother map. Figure 34 is the intensity
contour of the brain B\ map. It shows that the field strength is high at the central area and
becomes lower towards the peripheral. So parabolic functions were used to model the
map. First, pixels that are below or above certain thresholds or different from their
immediate neighbors by certain amount were excluded. The lower threshold in this study
was as set to 70 and the upper 1 10 in terms of flip angles. Also, no difference exceeding
5 degrees between neighboring pixels was allowed. Then the center point C was
determined by calculating the center of gravity of pixels within certain value range, in this
case between 85 and 90. The maximum intensity of the Bx image, or the pixel value at C,
Bic, was determined by fitting several lines in the image that cross C with parabolic curves
peaked at C and then taking the average of the peak values. Then 64 radial lines in the
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image originated from C were fit with parabolic curves with a peak value of B\c. The
parabolic curves take the form of
Bx(r)=Air2+Bxc, (67)
where r is the distance from the pixel of interest to C, and Ai is the parameter to be
determined with / from 0 to 63.
To get a smootherB\ map, Ai was convolved with a sine kernel of the form
K(.>asm(bm)
bm
The value of b was chosen to be 0.315, corresponding a cutoff frequency of 10 in the
spatial frequency domain and a was so chosen as to make the sum ofK(i) equals to unity:
*(o =i-
The whole B\ map was then calculated based on the smoothed Ai . For example, if the *
axis and the line connecting a pixel and the center C form an angle a which is between a
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and aM , where a, =
(/'
/ 32);r and aM =
(/'
+ \)xl 32 , then the coefficient A is determined
by interpolation:
A =At+{AM-4*a-al), (69)
and the pixel value was calculated using
Bx(r)= Ar2+Bxc. (70)
Figure 35 is the processed brain B\ image processed. Figures 36 is the contour image of
Fig. 35. Figure 37 contrasts the B\ strength profiles along one line in the x direction from
the processed and the unprocessed images. Figure 38 shows the B\ intensity profiles along
a line in the y direction. It can be seen that the processed B\ image is a smoothed version
of the unprocessed one and can be considered as closer to the real situation.
B\ map processing in breast imaging employed a slightly different procedure. Parabolic
curves were used to model the variation of field strength in the * direction. Pixels whose
value was below 70 or above 110, or different from neighboring pixels by more than 5
were excluded in the fitting process. The image was then further smoothed using a
lowpass filter. The filtering was performed in the frequency domain and the cutoff
frequency was four cycles within the field ofview.
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Figure 39 is the breast B\ image obtained by taking the ratio of two breast images. The
images used to generate B\ and MR parameter images were put through a re-registration
process before calculation. Figure 40 shows the B\ map obtained using the original
images. The displacement between the original image and the re-registered image is one
pixel in they direction. It is apparent that there are more features in Fig. 40 than in Fig. 39
that should not present in a Bx map. Figure 41 is a processed version of Fig. 39. The
intensity profiles of the unprocessed and the processed B\ images along representative
lines in the x and^ directions are plotted in Figs. 42 and 43.
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Figure 33. Brain B\ map obtained
using ratio method
Figure 35. Processed brainB\ map
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Figure 34. Contour of the unprocessed
brainB\ map
Figure 36. Contour of the processed
brain B\ map
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Figure 37. BrainB\ intensity profile along a line in the * direction
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Figure 38. Brain B\ intensity profile along a line in they direction
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Figure 39. Breast B\ map obtained
using ratio method
Figure 40. Breast B\ map obtained
without re-registration
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Figure 41. Processed breast Bi map
61
12000 -41 III PI
10000 UJ III 10 r
i
8000 jl 1 -TT hy^trM II l||l HI
S 6000 I IHi h '
4000 I
2000 |
o i- 1 l| 1 1 H 1 1 1 1 , J -+-
0 25 50 75 100 125 150 175 200 225 250
Figure 42. Breast B\ intensity profile along a line in the * direction
12000
0 25 50 75 100 125 150 175 200 225 250
Figure 43. Breast B\ intensity profile along a line in the x direction
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4.4. In vivo Bl Imperfection correction
Figure 44 is the brain T\ image obtained assuming perfect flip angles. Figure 45 is the
T\ image calculated with B\ correction. Figure 46 shows the difference between the two T\
images. Figures 47 and 48 are spin density images obtained with and without Bi correction
respectively and Fig. 49 shows the difference between the two spin density images. The
pair wise histograms of the T\, T2 and p images with B\ correction are plotted in Fig. 50.
Figure 51 shows the histograms of the T\, T2 and p images calculated assuming perfect RF
pulses. Figure 52 gives a clearer picture as to how these histograms differ.
Although the change in tissue parameter range is apparent, there seems no indication
that B\ correction can improve clustering in the case of brain imaging. Different types of
tissues were segmented based on the histograms shown in Fig. 50. Table 4 shows the Th
T2 and p ranges for six types of tissues. It can be seen that, the T\ value of white matter
for example, ranges from 650 msec to 1080 msec. That is a variation of about 50%. The
variation that the B\ imperfection can cause, in this case, is about 10%. So it is
understandable that B\ correction will not have much influence on the cluster sizes of the
histogram.
63
Figure 44. Brain T\ image calculated without Figure 45. Brain T\ image calculated with
B\ correction B\ correction
Figure 46. Difference between the two brain
T\ images calculated with and without B\
correction
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Figure 47. Brain spin density image
calculated without B\ correction
Figure 48. Brain spin density image
calculated with B\ correction
Figure 49. Difference between the two brain
spin density images calculated with and
without B\ correction
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Figure 50. Tf1- T2'1, Tf'-pand T2"1-/? histograms of the brain images
obtained with B\ correction
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Figure 51. Tf1- T2_1, Tf'-pand T2"1-/o histograms of the brain images
obtained without B\ correction
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Figure 52. Difference between the histograms ofbrain images obtained with and
without B\ correction
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Table 4. T\, T2 and pRanges forDifferent Types ofBrain Tissues
CSF White matter Gray matter Adipose Muscle Meninges
Ti(msec) 1000-20000 650-1080 1080-2500 250-800 800-2000 200-3000
T2(msec) 105-200 58-100 58-105 35-58 20-58 20-150
p 550-2000 800-1080 800-1300 550-1300 550-1300 50-550
Comparing the overall distributions of parameter values of a particular tissue type
between the cases with and without Bx correction is difficult since parameter values of one
tissue type often overlap with those of other types of tissue. It is hard to draw cluster
boundaries in the two sets ofhistograms that are equivalent. So some regions were chosen
that belong to the same tissue type at different locations in the image and the mean and
standard deviations were calculated for those pixels. Table 5 lists the Tx value of seven
different positions. At each position the average value of a 3x3 pixel area was calculated.
The mean and standard deviation of these average values are also listed. Table 6 lists the
spin density values of these regions.
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Table 5. T\ (msec) ofWhiteMatter at Different Locations
Position 1 2 3 4 5 6 7 H al\i
With B\ correction 810 795 803 797 785 809 787 798 0.0122
No B\ correction 816 841 828 821 864 818 839 832 0.0206
Table 6. Spin Density ofWhiteMatter at Different Locations
Position 1 2 3 4 5 6 7 H o7u
With B\ correction 923 993 952 1030 974 981 877 982 0.0277
No B\ correction 917 936 925 927 907 964 914 927 0.0203
While the data in Table 5 indicate some improvement on Tx distribution with B\
correction, the results shown in Table 6 are unexpected. As discussed earlier, the B\
mapping method used was found not perfect for the head coil. Some systematic errer may
exist. This may in turn affect the estimation of tissue parameters. In calculating spin
density images it was assumed, according to the law of reciprocity, that the k in Eq. (53) is
proportional to the flip angle 9\. It is seen that both the ratio and the least-squares
methods result in some over correction. It is also noticed that the k variation is a much
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larger factor in p image correction than sin#i(l-cos6_ ), for the B\ range in this case. In
trying to offset the over correction of unknown cause, the p image was re-calculated
assuming uniform receive coil sensitivity across the field of view. The intensities of the
same seven regions are listed in Table 7. The results show that there is some improvement
in p estimation when B\ correction is performed. The spin density of the head coil
phantom was also re-calculated assuming uniform coil sensitivity. Figures 53 and 54 show
the spin density images of the phantom obtained using ratio method and least-squares
method respectively. Figures 55 and 56 are histograms of Figs. 53 and 54 respectively.
Figures. 57 and 58 are profiles along one line of Figs. 53 and 54 in the x direction. The
average value and variance of seven regions at the same locations as before were
calculated for Figs. 53 and 54 and shown in Table 8.
Both in vivo and phantom experiment data indicate that assuming uniform coil
sensitivity for the head coil gives better results in correcting Bi inhomogeneity. This is not
theoretically founded as the law of reciprocity should not be violated. The ultimate
solution to the problem needs more rigorous theoretical analysis and more extensive
experimentation, which could constitute a future research topic. The data so far gathered
from both phantom and in vivo experiments suggest that the scheme described in this
study can be considered an empirical method for head coil B\ inhomogeneity correction.
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Table 7. Spin Density ofWhiteMatter Calculated Assuming Uniform Coil Sensitivity
Position 12 3 4 5 6 7 ia o/|_
7?i corrected p 916 942 926 927 932 964 922 933 0.0171
Table 8. Spin Density Values of the Head Coil Phantom at Different Regions,
Coil Sensitivity Assumed to be Uniform
Position i 2 3 4 5 6 7 u o7u
Ratio
method
X
y
2016
2028
2049
2052
2078
2068
2082
2082
2090
2075
2044
2080
2028
2039
2055
2061
0.0139
0.0103
Least
squares
X
y
1983
1995
1999
1981
2017
2007
2021
2021
2009
2015
1995
2000
1966
1971
1999
1999
0.0098
0.0090
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Figure 53. Spin density image of the head
coil phantom obtained assuming uniform
coil sensitivity, 7?i corrected using ratio
method
Figure 54. Spin density image of the head
coil phantom obtained assuming uniform
coil sensitivity, B\ corrected using least-
squares method
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Figure 55. Histogram of the head coil phantom spin density image obtained
assuming uniform coil sensitivity, 7?i corrected using ratio method
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Figure 56. Histogram of the head coil phantom spin density image obtained
assuming uniform coil sensitivity, By corrected using ratio method
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Figure 57. Signal intensity profile of the head coil phantom spin density image obtained
assuming uniform coil sensitivity, Bi corrected using ratio method
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Figure 58. Signal intensity profile of the head coil phantom spin density image obtained
assuming uniform coil sensitivity, B\ corrected using least-squares method
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For the breast coil used, however, it has been seen to be a good assumption that the
coil receive function is proportional to 7?i strength. Figure 59 shows a spin density image
of the breast coil phantom calculated assuming uniform coil sensitivity. Obviously the B\
inhomogeneity has not been corrected in that image.
Figure 59. Spin density image of the breast
coil phantom obtained assuming uniform
coil sensitivity, Bi corrected using least-
squares method
Figures 60 through 62 are the breast Tx, T2, and p images calculated with B\
correction. Figures 63 through 65 are those without B\ correction. The T\ images are
calculated from six MR signal images described previously. The T2 images are calculated
from two multi-echo spin-echo images with TR = 2000 msec and TE = 30 and 60 msec.
Unlike in the case of single-echo sequence, 7?i imperfection will cause error in T2
estimation when multi-echo sequence is employed. For example, the signal intensities from
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the first and second echoes can be expressed as [20]
Sx=ke-TE^(l-cos92) (71)
and
S2=ke'TE^(l-cos92)2 (72)
respectively. So T2 can be calculated using two images based on Eqs. (71) and (72):
T2= p ^ . (73)
lnL(l-cos__)]
_<2
Figure 66 shows the difference between the breast T\ images obtained with and without
B\ correction. Figures 67 and 68 demonstrate the T2 difference and p difference with and
without B\ correction. Figure 69 shows the pair-wise histograms of the T\, T2 and p
images withB\ correction and Fig. 70 shows those without B\ correction.
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Figure 60. Breast T\ image calculated
withB\ correction
Figure 61. Breast T2 image calculated
with B\ correction
Figure 62. Breast spin density image
calculated withB\ correction
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Figure 63 . Breast T\ image calculated
without B\ correction
Figure 64. Breast T2 image calculated
withoutB\ correction
Figure 65. Breast spin density image
calculated without B\ correction
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Figure 66. Difference between the two
breast T\ images calculated with and
without B\ correction
Figure 67. Difference between the two
breast T2 images calculated with and
without B\ correction
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Figure 68. Difference between the two
breast spin density images calculated with
and withoutBi correction
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Figure 69. Tf1- T2'\ Ti"1- pand T2_1- p histograms of the breast images
obtained without B\ correction
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Figure 70. Tf1- T2"\ Tf1- /? and T2_1- p histograms of the breast images
obtained with B\ correction
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Two clusters can be seen in the histograms corresponding to adipose tissue and
parenchymal tissue respectively. The difference between the two sets of clusters is
apparent. The clusters are noticeably tighter in Fig. 70 than in Fig. 69. To quantitatively
evaluate the effect of B\ correction, six 3x3 pixel regions of the adipose tissue were
chosen. The average T\, T2 and p values ofeach region and the standard deviation of those
averages were calculated. Table 9 compares the results obtained with and without B\
correction. It can be seen that the reduction in variance is significant for all three tissue
parameters with B\ correction.
Table 9(a). T\ (msec) ofBreast Adipose Tissue at Different Locations
Position 1 2 3 4 5 6 u o/u.
With B\ correction 321 319 354 333 347 323 333 0.0440
No B\ correction 322 363 351 294 368 340 340 0.0823
Table 9(b). T2 (msec) ofBreast Adipose Tissue at Different Locations
Position 1 2 3 4 5 6 u a/p
With B\ correction 40.3 41.4 41.8 40.2 39.8 40.9 40.7 0.0194
No B\ correction 40.3 40.2 41.7 37.2 39.2 40.8 39.9 0.0387
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Table 9(c). Spin Density ofBreast Adipose Tissue at Different Locations
Position 1 2 3 4 5 6 u a/p
With B\ correction 1663 1594 1648 1706 1384 1501 1583 0.0758
No B\ correction 1620 1355 1610 1752 1185 1386 1485 0.1418
Table 10 lists the T\, T2 and p ranges of the breast adipose tissue for the cases with and
without B\ correction. The ranges were obtained with the help of the multi-parameter
histogram shown in Figs. 69 and 70. They were chosen such that the numbers of pixels
included in the two cases were approximately the same.
Table 10. Th T2 and pRanges ofBreast Adipose Tissue
T\ (msec) T2 (msec) p
range variation range variation range variation
With 7?i correction 271-423 43.8% 33.7-50.0 38.9% 1288-1832 34.9%
No B\ correction 268-452 51.7% 30.7-49.5 46.9% 1123-1784 45.5%
In Table 10 the variation was calculated as the range divided by the median value. The
value was also reduced for all tissue parameters with B\ correction, but the reduction is
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not as large as that of standard deviation as indicated in Table 9. One of the reason is that
in calculating variance factors such as random noise, tissue heterogeneity, etc. are partially
taken care ofby averaging the tissue parameter value over a small region, whereas cluster
size in the histogram is a measure of the combination of all factors that affect the
distribution of tissue parameter values.
The adipose tissue was selected for analysis because it experiences more B\ variation.
Also it can be seen from Figs. 60 through 62 or Figs. 63 through that its inherent variation
in all three tissue parameters are much smaller than that in the parenchymal tissue.
To provide yet another illustration of the effect ofB\ correction in breast imaging, the
individual images recorded with multi-echo spin echo sequence and used for T2 calculation
were corrected for _?i inhomogeneity. Figures 71 and 72 are the original signal images
obtained with 77? = 1000 msec and TE = 30 msec and 60 msec respectively. Figures 73
and 74 are the ones with B\ correction. It can be seen that the B\ correction results in a
more uniform background. Figures 75 through 78 are histograms of Figs. 71 through 74
respectively. It is clear that in the histogram of the 2?i corrected image the two types of
tissue can be better distinguished.
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Figure 71. Breast image recorded with
TE = 30 msec and 77? = 1000 msec, no
Bi correction
Figure 72. Breast image recorded with
TE = 60 msec and TR = 1000 msec, no
B\ correction
Figure 73 . Breast image recorded with
TE = 30 msec and TR = 1000 msec, Bi
corrected
Figure 74. Breast image recorded with
TE = 60 msec and TR = 1000 msec, 5i
corrected
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Figure 75. Histogram of the breast image recorded with TE = 30 msec
and TR = 1000 msec, no B\ correction
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Figure 76. Histogram of the breast image recorded with TE = 60 msec
and TR = 1000 msec, no B\ correction
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Figure 77. Histogram of the breast image recorded with TE = 30 msec
and TR - 1000 msec, B\ corrected
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Figure 78. Histogram of the breast image recorded with TE = 60 msec
and TR = 1000 msec, B\ corrected
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4.5. Sources ofError in B\ Mapping and B\ Correction
Several types of errors may exist in theB\ mapping process that affect its accuracy. For
example, in calculating the B\ field it is assumed that the refocusing pulse produces a
rotation angle 9i that is exactly twice as large as the nutation angle 9\ . Also, it is assumed
that the transmitter gain is ideally linear, meaning setting the TG value 6 dB higher will
double both 02 and 9\ exactly. In reality, there is always some degree ofuntruth to these
assumptions. Table 11 examplifies the effect of non-ideal 9\-92 relationship. For TR Th
the signal expression as described by Eq. (37) can be written as S = ksin9\ (l-cos02 )/2. If
<9i = 80, 6_ = 160 and k is unity, then S = 0.955. Table 1 1 depicts different combinations
of 9\ and 9i that produce the same signal intensity as produced by a 80-160
combination, and also the 9\ calculated assuming 9i = 29\.
Table 11. The Effect ofNon-ideal 9\ -9i Relationship oni?i Estimation
0, 75 76 77 78 79 81 82 83 84 85
ft/01 2.24 2.18 2.13 2.08 2.04 1.96 1.93 1.90 1.87 1.84
Calculated0i 81.1 80.6 80.3 80.1 80.0 80.0 80.1 80.2 80.4 80.6
In calculating spin density image, part of the B\ inhomogeneity effect is corrected by
taking care of the factor sin30i. From Table 1 1 it can be seen that this part ofB\ correction
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will not be significantly affected by the deviation of 0i -02 relationship away from ideal
situation. To assess how coil sensitivity correction could be affected, two 9il9\ ratios were
picked from Table 11. For each 9J9\ ratio several different signal intensity pairs were
created and flip angles were calculated assuming ideal 9J9\ ratio. Table 12 shows the
result.
Table 12. True versus Calculated 0i Values for Different Signal Intensities
02/01 = 2.13 02/01 = 1.90
True 0i 77 85 95 83 85 95
Calculated 0i 80.3 88.7 99.1 80.2 82.2 91.8
It is not difficult to see that for a fixed 9il9\ ratio the relative true 0i value of one point
to those of the others is approximately the same as the relative calculated 0i value at that
point. This means that coil sensitivity will not be greatly affected by non-ideal 02-0i
relationship either. Table 13 shows how Ti calculation is affected by non-ideal 9J9\ ratio.
First a signal intensity matrix was generated based on Eq. (37). The TR and values Ti
values used were the same as those used to create Table 1. And different 0i-02
combinations as shown in Table 1 1 were employed in the simulation process. Then the
signal intensity matrix and the calculated 0i's were used to reproduce Ti values.
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Table 13. Ti (msec) Calculated Assuming Ideal 0i/02 Ratio
0l/02 Ti = 200 Ti= 500 Ti= 1000 Ti= 2000 Ti= 3000 Ti= 4000
75/168.9 209 528 1072 2200 3376 4500
76/165.6 207 521 1054 2154 3281 4400
77/163.8 205 515 1038 2100 3198 4200
78/162.3 202 510 1026 2070 3100 4100
79/161.1 201 505 1013 2035 3062 4000
81/159.1 199 495 990 1972 2948 3900
82/158.3 197 491 980 1944 2895 3800
83/157.6 196 487 969 1917 2849 3700
84/157.0 194 483 959 1891 2800 3700
85/156.6 192 479 950 1869 2763 3600
Actually it can be seen intuitively from Eq. (37) that Ti calculation error is mainly due
to the inaccuracy in 0i because the rate of change in cos(0 ) is much faster when 0i is
around
90 than when 0 is around 180.
The effect of TG nonlinearity was also evaluated by means of simulation. In mapping
B\ field using ratio method, two images obtained with TG's 6 dB apart, or 0i =
20i'
were
used. Table 14 lists the calculated 0i values for some sample true 0i values and several
0i/0i'
ratios that are not exactly two using Eq. (63).
The data in Table 14 were calculated assuming ideal 9J9\ ratio. To estimate the effect
ofnon-linear transmitter gain on Ti determination, sets of signal intensities were generated
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for the combination of 0i = 80 and 02 = 160 and various Ti and TR values as used
before. Then the signal sets were used to reproduce Ti values based on the calculated 0i
values as listed in Table 14. Table 15 gives the results. Comparing Tables 13, 14 and 15
with Table 1 it can be see that the Ti calculation error caused by per degree 0i error is
almost the same for the three cases.
Table 14. The Effect ofNon-linear Transmitter Gain on_?i Estimation
0i/0i ' 1.90 1.92 1.94 1.96 1.98 2.02 2.04 2.06 2.08 2.10
0i= 75 81.1 79.9 78.7
0i= 80 85.5 84.4 83.3
0i= 85 89.9 88.9 88.0
0i= 90 94.4 93.5 92.7
0i= 95 98.9 98.1 97.4
01=100 103.4 102.8 102.1 101.4 100.7 99.3 98.6 97.9 97.1 96.4
01=105 108.0 107.4 106.8 106.2 105.6 104.4 103.8 103.1 102.5 101.8
77.5 76.3 73.7 72.4 71.1 69.7 68.3
82.2 81.2 78.9 77.7 76.5 75.3 74.1
87.0 86.0 84.0 82.9 81.9 80.8 79.8
91.8 90.9 89.1 88.2 87.3 86.3 85.4
96.6 95.8 94.2 93.4 92.6 91.7 90.9
Other sources that may cause errors in B\ mapping and tissue parameter estimation
include Bo imperfection. For example, if the B0 field is tilted away from the longitudinal
axis, then it will have a component in the transverse plane, which will have an effect
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similar to Bx imperfection. Also, in deriving Eq. (37) it is assumed that the transverse
component of the magnetization will decay to zero at the time when the rephasing pulse is
applied. However, if TE is relatively short compared to T2*, the above condition will not
be satisfied. This will cause error. The detailed analysis of these errors are not included in
this study.
Table 15. The Effect ofNon-linear Transmitter Gain on Ti Estimation (0i = 80)
0i/0i' Tj = 200 Ti= 500 7\= 1000 _> 2000 Ti= 3000 Ti= 4000
1.90 208 524 1062 2173 3300 4400
1.92 206 519 1048 2135 3200 4300
1.94 204 514 1035 2097 3178 4200
1.96 202 509 1024 2065 3100 4100
1.98 201 504 1012 2032 3057 4000
2.02 199 495 990 1974 2951 3900
2.04 197 491 981 1949 2900 3800
2.06 196 488 973 1924 2861 3700
2.08 195 485 964 1900 2800 3700
2.10 194 482 957 1884 2787 3600
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5. Conclusions
Under the condition that TE is much greater than T2*, or that at t = TEI2 the transverse
component of the magnetization decays to zero, the spin-echo MR signal intensity
expression with RF pulse imperfection can be found. The correction of RF pulse
imperfection in MR parameter determination is therefore possible. From the signal
expression it can be seen that the imperfection of the 90 nutation pulse has more impact
on the accuracy of Ti estimation than the imperfection of the
180
rephasing pulse.
Computer simulation indicates that the error due to an RF pulse imperfection is a function
of flip angles and T\ as well. The greater the Ti value, the bigger the error. This can also
be seen intuitively from the signal expression, as the real Ti value controls the weight of
RF imperfection in Ti estimation. RF field imperfections also cause errors in spin density
determination. An RF imperfection affects the calculation of spin density through the
factor of sin0i(l-cos02)/2 and also the error in Ti. The effect of Ti error on spin density
estimation, however, is very small.
For the single turn solenoid used in breast imaging, the B\ maps obtained using ratio
and least-squares methods agreed very well. For the birdcage head coil, a difference of
about two degrees between the B\ maps obtained using the two different methods was
seen. It still can not be concluded as to which method is more reliable. The deviation
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pattern of the experimental data suggests some error source that may deserve further
exploration. The difference between the two maps is relatively small compared to the
imperfection of the B\ field. Since the ratio method is less time consuming, it is more
suitable for in vivo B\ mapping.
It was found that the Bi field variation in the head coil and the breast coil were
approximately
10
and
50
respectively across the imaging region. In trying to correct the
B\ inhomogeneity effect for the spin density image when using head coil, severe over
correction was observed. For the in vivo experiment, the results obtained with B\
correction were even worse than the uncorrected ones. The explanation of that
phenomenon would require further research. As an empirical method, assuming uniform
coil sensitivity could offset the over correction to some extent. When uniform coil
sensitivity is assumed, then a reduction of about 16% in spatial variation, in terms of
normalized standard deviation, was seen for the white matter examined. It is seen that by
correcting the B\ inhomogeneity effect, the spatial variation of the Ti value for the same
tissue type does reduce. For the white matter examined, a standard deviation reduction of
40% was seen. However, since the spatial variation accounts for only a small portion of
the total variation of the Ti or p value for a given tissue, B\ correction dose not have an
apparent impact on the cluster size of the T\-T2-p histogram. For the single turn breast
coil, both phantom and in vivo experiment show that coil sensitivity is proportional to B\.
In the phantom experiment, a nearly perfect spin density image was obtained after 7?i
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correction. In the in vivo experiment, after 2?i correction the spatial variation of spin
density was reduced by 45%, in terms of normalized standard deviation, for the adipose
tissue. Ti spatial variation of the same tissue was reduced by the same amount as a result
ofB\ correction. The breast T2 image was obtained using multi-echo spin-echo sequence.
After Bi correction a reduction of about 50% was obtained in the T2 spatial variation for
the adipose tissue. Since the By inhomogeneity of the breast coil is fairly large, its
correction makes the clusters in the T\-T2-p histogram look tighter. The reduction in the
overall variation resulted from B\ correction is around 20% for the tissue parameters Ti,
T2 and p. It can be expected that B\ correction will be most useful in imaging experiments
which involve large spatial variation in Bh such as extremity imaging using surface coil,
etc..
There are some error sources that may exist in B\ mapping. Computer simulation
shows that the effect of non-ideal 0-ft relationship is small compared to that of
transmitter gain nonlinearity on spin density estimation. For Ti calculation, the error is
determined mainly by the error in 0i, as in the previous analysis. Other error sources that
could be investigated in the future include B0 imperfection, residual signal and the effect of
possible residual signal after the dephasing of the transverse component.
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